An experimental investigation of ir sky radiance and radiance fluctuations in the 8 -13-y atmospheric window is reported. Measurements were made with ground-based, filtered bolometer detector radiometers under clear sky and cirrus overcast conditions. Sky radiance was measured very close to the limb of the sun to permit detection of the solar aureole caused by forward scattering by cirrus ice crystals. Polarized sky radiance was found at large zenith angles and is attributed to scattering by cirrus of thermal emission from the earth. The radiance due to tropospheric water vapor is predicted by means of a radiation chart. Measurements of clear sky radiance exceeded that predicted by the chart in all but one case. The radiance of visible cirrus greatly exceeds the radiation chart prediction. Diffraction about cirrus cloud particles leads to a prediction of a solar aureole of a size that corresponds to the measured aureole. It is concluded that even a cirrus haze, which is quite difficult for an unaided, ground-based observer to detect, can cause an excess zenith radiance of 0.1 mW cm-'sr-', which increases to twice this value at a zenith angle of 600. Even thin but visible cirrus clouds can easily produce an excess zenith radiance of 1 mW cm-'sr-', which increases by a factor 1.4 at a zenith angle of 60°.
Introduction
The objective of this investigation was to determine experimentally the cause of excess fluctuating clear sky ir radiance in the 8-1 3 -A region. It is concluded that cirrus clouds are the cause.
Strong,' Robinson, 2 Westphal,3 and Bolle 4 have reported that zenith radiance is often greater than would be expected from radiation charts. Radiance fluctuations may also occur which are not associated with known meteorological variables, and radiance may increase with zenith angle out of proportion to radiation chart predictions.
After preliminary measurements with a spectrally filtered ir radiometer were conducted which showed the anomalies could not be due to 9.6-y ozone band radiance fluctuations, it was hypothesized that thermal emission and scattering of thermal radiation from the earth by thin cirrus clouds might account for the observed eff ects.
Robinson, 5 and Farmer and Key 6 suggested that particulate matter might contribute to ir sky radiance, but they performed no tests to confirm their assumptions.
If scattering in thin cirrus clouds does add to the sky radiance, there should exist means to discriminate the scattered radiance from thermal emission of gaseous or particulate matter in the atmosphere. In the visual region, scattering causes the solar aureole and leads to polarization of the sky light. The question was whether similar effects existed in the ir.
There are significant differences between the electromagnetic environments in the visual and 8-13-ir regions. The radiant power received from the sun and the thermal radiant power emitted by the earth may usually be considered as two spectrally independent streams of flux. To illustrate the minor over-all influence of direct solar radiation at 8-1 3 -,u, the sun contributes an irradiance of 2.2 X 10-4 W cm-, compared with a visual region solar irradiance of 5.3 X 10-2 W cm-2 . Thermal emission from the earth provides an 8-13-g irradiance of 1.3 X 10-2 W cm-2 close to the earth, or sixty times that from the sun. In all examples given above, no atmospheric attenuation is assumed.
One might at first conclude that the solar aureole in the ir would be undetectable because of the relatively low solar irradiance, and that thermal emission from the atmosphere would swamp any trace of it. However, since the average cirrus ice crystal has linear dimensions 2a of 100 u or greater, according to Weickmann, 7 the size parameter is x = 27ra/X = 26 at 12 4 . This large size parameter can lead to a scattering diagram with forward scattering at small angles many orders of magnitude greater than back scattering. One might therefore hope to detect a thin cirrus-produced aureole by performing sky radiance measurements very close to the solar limb.
It was reasoned that sky polarization in the ir should have a significantly different character than at shorter wavelengths. In the visual region, polarization is generally symmetric about a vertical plane through the sun, and the presence of polarization is easy to explain qualitatively because of the nearly parallel rays from the sun and the (1 + cos2 0) factor to the Rayleigh phase function. In the ir, the source of radiation is the diffuse thermal emission from the solid earth surface, and it is not immediately obvious why this diffuse radiation, coming from a solid angle of 27r sr, should produce polarization in the scattered radiance. This problem is, however, like that of scattering in stellar atmospheres; and Chandrasekhar 8 has shown that for Thomson scattering in an electron stellar atmosphere, polarization is to be expected, increasing toward the limb of the star. Such polarization has been observed in the sun's photosphere, 9 and also in continuum scattering in the chromosphere.1 0 Positive polarization might therefore be expected if scattered radiation from cirrus clouds were significant enough to be easily measured. For a uniform cirrus overcast, polarization should be symmetric about any vertical plane, and therefore about the zenith also. It should be independent of the position of the sun. Radiometric measurements were performed during January and February of 1966 which showed that the S-13-u aureole did exist on days when cirrus were present, as well as on a number of apparently clea days, and that ir sky polarization was also detectable. These initial results indicated that a more complete model of infrared sky radiance should include the effects of cirrus clouds, even those thin clouds which the ground-based observer could not easily detect.
Instrumentation
The instrument used to record window sky radiance was a Barnes Engineering Company model R-4B2 dual channel radiometer with bolometer detectors. The data were recorded on a two-channel Sanborn paper tape recorder, which also provided timing marks.
The radiometer is equipped with 1-mm X 1-mm detectors providing a field of view of 25 X 10-6 sr with the standard 10-cm diam f/2 optics. The noise equivalent radiance (NEN) is 0.02 mW cm-2 sr-' with an electronic bandwidth of 0.1 Hz. The radiometer field stops provided with the instrument were replaced by modified units which accept interference filters to limit the spectral region to which the instrument responded. The transmissivity of the filters is indicated in Fig. 1 . Both filters were manufactured by Optical
Coating Laboratories, Incorporated.
The radiance fluctuations observed in the ozone band by Adel and Epstein" were less than 0.06 mW cm-2 sr-, or three times the NEN of the instrument with f/2 optics. This is sufficient signal-to-noise to detect changes if data are collected over a sufficiently long period to isolate true radiance fluctuations from instrumental drift.
To allow better measurements of the solar aureole without sacrificing the NEN, larger aperture optics with the same f/ratio were required. The use of a 61-cm aperture f/2 radiometer was provided by ITT Federal Laboratories, San Fernando, California, and the Barnes radiometer head was mounted at the Newtonian focus of this instrument for the aureole studies. To protect the interference filters and bolometers from solar visual and ir energy, and the great heat which would have been generated in the absorbing elements of the filters and bolometer, the entire aperture of the radiometer was masked with two layers of 0.150-mm thick black polyethylene.
Polarization measurements were made with a PerkinElmer wire grid polarizer. 
A Model of Window Radiance
In order to compare measurements of sky radiance vs zenith angle for different days, a model of clear sky radiance is required. The need for simplified computational tools has led to the construction of radiation charts for estimating ir absorbing gas and vapor radiance. 2 In constructing his radiation charts, Mo5l-ler" divided the spectrum into twenty-three intervals, each of which was characterized by one synthetic Lorentz line. For the window region from 8.75 to 12.25 u, the synthetic line was described by a halfwidth ao = 59.5 cm-' and an absorption constant k, = 0.24 cm-'. A later correction' 4 indicates that k~, should be nearer to 0.4 cm-' or perhaps even larger. A corrected version of the window radiation chart with k,, = 0.6 cm-', to accommodate the slightly wider spectral region employed in the measurements reported here, is given in Fig. 2 based on the original Moller chart.
In oder to use the chart to predict sky radiance, it is necessary to know the vertical distribution of water vapor and temperature. The total amount of precipitable water below a given isotherm is plotted on the appropriate ordinate line, so that for the higher levels at lower temperature, the locus of precipitable water becomes asymptotic to the abscissa value, which represents the total precipitable water above the level of reference. Thus, to predict zenith radiance observed from the ground, the plot will start at the ground level temperature and 0 cm precipitable water. The plot then will curve downward as illustrated by the dashed line in Fig. 2 , 'typical of daytime plots for clear winter days in southern California.
An atmospheric window radiance model must also consider the effect of tropospheric aerosols. Robinson,5 and Roach and Goody" have clearly shown the strong influence haze can have on the magnitude and spatial distribution of window radiance.
In order to compute the absorptance, emittance, and scattering of haze, the properties of individual particles must be understood. Mie scattering properties of spheres for a large range of size parameters, and with index of refraction and absorption constant typical of water for the ir, have been calculated to a high degree of accuracy.' 6 Deirmendjian' 7 has utilized these calculations and representative aerosol distributions to compute the ir properties of haze and cloud models for wavelengths from 0.45 ,u to 16.6 . His M haze was chosen to agree with aerosol particle counts made in Los Angeles. The extinction coefficient is a function of the index of refraction m, a complex quantity for water in the 8-1
3 -h window, as well as wavelength and particle concentration. Deirmendjian 
For an air temperature of 290'K, the haze will then have a window radiance of 1.2 mW cm-2 sr-'. It is more difficult to construct an heuristic model of scattering effects for aerosols, since the scattering phase function will not be isotropic as is the emission function. However, since the haze scattering albedo is 0.21 in the window and since forward scattering will predominate due to the strong influence of the larger aerosols in the haze distribution, it can be argued that scattering of earth radiance in the backward direction should be less than 0.21 of the emission effects, leading to only slight scattered sky radiance as compared with this passive thermal radiation, even for the MR of but 1 km.
It is now of importance to determine whether the low lying aerosols can significantly affect window measurements under much less turbid conditions than MR of 1 km. Consider measurements conducted when the MR is 50 km. The visual extinction coefficient is then 7.8 X 10-2 km-and the 8-13-u window extinction 7.8 X 10 km-. This latter extinction corresponds to ir transmittance through a 1-km haze layer of better than 0.999. The emittance of the layer for the highly absorbing particles is then 8 X 10-4, leading to an aerosol window radiance of 3.7 X 10-1 W cm-2 sr-', a value far below the noise equivalent radiance of a bolometer-equipped radiometer. It may thus be concluded that for a visual range of 50 kim, the radiation chart, considering emission from water vapor and CO 2 , should be adequate to describe window radiance in the absence of other radiation sources. 
Sources of Excess Sky Radiance
Strong' proposed time varying amounts of oxides of nitrogen, CO 2 , hydrocarbons, or formaldehyde, but this now seems to be an unlikely cause of the excess. The measurements of Mligeotte et a12 have shown only weak absorption lines due to H20, CO2, CH 4 , N20, and HDO in the window, as well as the more intense 03 bands. Little variation is found in the absorption due to the weak lines from day to day, completely insufficient to account for the observed anomalies.
Long-term fluctuations in the 9.6-z ozone band radiance have been measured by Adel and Epstein," where a variance of several degrees Kelvin was determined. This would lead to window irradiance changes from the entire sky of less than 0.2 MNV cm-2, or less by an order of magnitude than the fluctuations noted by Robinson.' Robinson 6 attributed excess radiation which increased with zenith angle to radiation from turbid layers high in the atmosphere, and considered that these might be tenuous and uniform high clouds. In order to discuss the radiance caused by thermal emission and scattered earth emission in thin cirrus clouds, it is first required to establish the optical parameters which describe such clouds. Thus the size distribution of the ice particles, the optical thickness of the layer, and the optical constants of ice must be known.
One of the most comprehensive studies of cirrus clouds has been reported by Weickmann. 7 In this investigation, cirrus particles were collected on coated slides from an open aircraft at altitudes to 10,000 m. A typical cirrus particle might be a prism 200 , in length, 30 , wide, or equivalent to a 50-,g radius sphere, with an average particle concentration of 5 X 105 M
.
Even for wavelengths of 12 A within the window, the large size of the cirrus crystals leads to a size parameter 
range of complex indices seem to be available, although for the smaller size parameter x = 10 calculations have been performed for several complex indices in the range of interest noted above.' 6 The preceding paragraphs have indicated that although it is possible to construct a physical model of a cirrostratus cloud consisting of nearly monodisperse, 50-,4 radius ice spheres based on Weickmann's work, 7 the lack of accurate scattering diagrams does not allow a complete radiative transfer theory of cirrus cloud radiance to be calculated. Such a calculation is an exceedingly complex task, beyond the scope of this experiment study. The task is even more difficult for convective cirrus clouds, where typically bundles of crystals are found of complex shape which are probably not well approximated by an equivalently sized ice sphere. For these reasons only general statements can be made about the ir properties of cirrus. Owing to the large absorption constant, ice crystals are essentially opaque from 8-13-,4, since a /e attenuation of ir radiation occurs in but several microns of passage through the particle. Thus we will not expect to find ir halos or other refractive effects.
The large size parameter even at ir wavelengths leads to strong forward scattering which, owing to the opacity of the particle, should be well approximated by the diffraction theory. The diffraction pattern may be calculated, and for a size parameter x = 26, the first minimum is found at a scattering angle of 8.40.
Another characteristic of light scattered from large, absorbing particles may be determined by studying the calculations of Plass," who shows that for increasing absorption in particles (at least up to size parameter x = 8) scattered light polarized perpendicular to the scattering plan will be of greater intensity than that polarized parallel to the scattering plane. The scattering angle for the maximum positive polarization ap- proaches that predicted by the Brewster angle. This same characteristic has been noted by Deirmendjian et al.," who state that when the scattering contribution of light transmitted through the particles is suppressed by absorption, "The positive polarization of the externally reflected ray dominates the scattered field."
The question of how thin a cirrus can be detected by the ground-based observer has yet to be convincingly answered. Certainly the unaided observer is unable to distinguish a very uniform, high level haze from one lower in the troposphere, unless halos or parhelia are present.
Although the extinction efficiency of cirrus particles in the visual region will be of the order 2.0, Gumprecht and Sliepcevich' 4 properly point out that the predominance of forward scattering makes it difficult or impossible to distinguish the scattered radiation from the directly incident flux. For example, the a = 50 ice sphere chosen as a typical cirrus particle will have a visual size parameter greater than 500. Mie theory calculations
show that for such a large size parameter, one-half of the energy will be within a scattering angle of 1.40 from the source, so that at most an extinction efficiency of Q = 1.0 should be used. An = 200 m thick cirrus haze model composed of n = 5 X 104 m-particles of radius a = 50 will then have an optical depth T = 7ra'Qnl = 0.086 or a transmittance of 92%. The unaided observer would hardly be able to recognize this slight decrease in solar illuminance, and, unless irregular structure were present in the cloud, would be unaware of its presence. He might notice a slight milkiness to the zenith sky, if the visual range at his location were sufficiently great to make the effect discernible. The common occurrence of thin cirrus or cirrus haze has been documented by Stone," who states that extensive sheets of ice clouds can occur in tropical, temperate, and polar regions much more often than the groundbased observer reports. A cloud 200 m thick but with ten times the particle density will directly transmit but 42% in the visual region, and should be detectable.
Sky Radiance Measurements
In this section, 8-13.5-A sky radiance measurements plotted vs zenith angle are compared with the radiation chart predicted radiance. Clear sky and cirrus haze conditions are discussed first; cirrus clouds are discussed thereafter. A more complete atlas of measurements may be found in the dissertation upon which this paper is based. 2 The lowest zenith radiance measured during the investigation occurred on 3 January 1966. In Fig. 3, a smooth curve has been drawn through the 0520-h () and 1210-h () data, from which ozone band radiance has been subtracted using the 9 . 6 -p, spike filter radiance values. This curve may be compared with the lower solid curve which shows radiance predicted from the radiation chart, Fig. 2 . The radiation chart radiance is based on 0500 h Los Angeles International Airport (LAX) radiosonde data, but if the 1200-h surface temperature is used instead for the lowest levels of tropospheric water vapor, predicted zenith radiance increases as contributing an excess ir radiance. This serves to explain the experiences of Robinson,' where apparently clear days (near typically hazy London) sometimes exhibited excess total sky irradiance of 3 mW cm-'. On days with clearly observable cirrus clouds, it might be expected that radiance should significantly exceed that predicted from the radiation chart. ?\lea-surements at 1440 h on 7 January 1966 under broken cirrus fibratus and cirrostratus do exceed the model, as illustrated in Fig. 7 . Later, at 1630, the clouds had thickened, all but eliminating any blue sky, and radiance correspondingly increased, except near the horizon. These clouds were undoubtedly thicker than 200 m, and it is not unexpected that the chart radiance prediction is far too low.
The cirrus radiance measurements of 20 September 1966 sampled a great range of cirrus sky conditions. The two morning measurements under broken cirrus fibratus, the upper curves in Fig. 8 , greatly exceed the chart radiance. However, the 1240 measurement, made against widely scattered, tenuous cirrus uncinus, lies closer to the chart prediction, except near the horizon where the clouds were thicker. On another occasion, when an isolated cirrus uncinus cloud drifted slowly through the zenith field of view on 20 September 1966 it produced a transient excess radiance of 0.1 mW cm-' sr-'. but would also be experienced if forward scattering were occurring in the earth's atmosphere.
It may be shown that if solar transit deflections for different zenith angles are normalized to the same deflection, any difference in shape of the deflection recorded vs time reveal scattering which is independent of the instrument and thus provide a true measure of the infrared solar aureole. Shown in Fig. 9(b) is the transit for a zenith angle of 850, both scans having been taken on 6 January 1966. It will be noted that for the larger zenith angle, radiance is greater outside of the solar limb, and the limb has a more rounded appearance because of the energy scattered into the aureole.
Subtracting curve (A) from curve (B) gives the excess radiance experienced at the larger zenith angle. This enables a plot to be made of the relative shape of the scattering diagram. In Fig. 10 , this has been done for the 6 January 1966 data; the general shape of the experimental curve is similar to the zero-order diffrac- 
Measurements of the Solar Aureole
There is little limb darkening to be expected on the sun at 10 A. Less than 5% darkening would be expected 95% of the distance from the center of the sun to the limb, as measured across the apparent disk. 9 However, the radiometer image spread function will influence the radiance profile of the sun, and instead of a sharp edge, a more rounded recording of radiance against the sky would be expected. A typical profile measured at a zenith angle of 55° is shown in Fig. 9(a) . The less than rectangular aspect of radiometer deflection is to be expected because of instrumental effects tion diagram for a 50-p radius sphere, but is restricted to smaller scattering angles.
Polarization of Sky Radiance
The experimental procedure for measuring polarization was to point the radiometer at various azimuth and zenith angles, and slowly rotate the polarizer through 3600. Orientation of the polarizer was noted on the paper tape from the data recorder as the measurements were being made. On 1 February 1967, no polarization was detectable in the 8-13.5-A channel under a thick cirrostratus nebulosus overcast (faint shadows, weak 220 halo). Surprisingly, the second channel filtered with a germanium window (the 9 .6-filter was removed) to provide response at wavelengths longer than 2,u showed a negative degree of polarization of P = -0.12 at zenith angle = 60'N.
The failure to detect polarization from the thick cirrus might be expected because of the importance of multiple scattering in these clouds. Zenith angle changes in radiance were not detectable from 0 < < 60°, because of the uniformly high emittance of this layer.
The sky on 2 February was cloudless and clear, with meteorological range greater than 50 km and less than 1 cm of precipitable water in the vertical column. At = 60'N, a definite polarization was noted in the S-1 3 .5-p. window of value P = 0.02, while in the germanium filtered channel, P = -0.09.
These measurements were obtained at 0748 h, and later on the same day at 1415 h, with cirrus forming in the west, the polarization values were essentially unchanged.
Polarization at the zenith was undetectable in the morning and afternoon of 2 February in the window, but the germanium filtered channel showed a zenith polarization P = -0.03 at 0748 h, and P = -0.01 at 1415. Measurements at azimuths ranging around the compass showed the S-13.5-p. polarization to be essentially independent of this variable on this very clear day. Polarization increased from zero at the zenith to a maximum at 60 < < 70°, indicating that the polarized radiation was due to scattering of emission from the earth.
The germanium filtered channel was not azimuth independent, and was influenced by the position of the sun. Polarization values were approximately symmetric about the sun's vertical, indicating that this channel was probably measuring polarization due to near ir scattered sunlight.
On 3 February, a Santa Ana wind was present, which gave rise to cirrus wave clouds over the San Gabriel Mountains. A series of measurements of sky polarization was made on the visible cirrus and in the clear sky 100 to the east. The visual range exceeded 100 km. The 8 -13-. polarization on the cirrus clouds was found to be P = 0.05; while in the clear sky adjacent to the clouds, the polarization was P = 0. The prediction made for positive polarization of earth radiance scattered by cirrus clouds is supported by the reduced data. The maximum value measured was 0.04. The slight but detectable decrease in polarization over the ocean as opposed to over land may have been due to the negatively polarized radiance of water at large zenith angles.' 7
Conclusions
Prior to this investigation, the explanation of excess and fluctuating window radiance on clear days pointed strongly to effects of turbid layers or thin clouds.
Gaseous or vapor emission has now been eliminated 1 by spectrographic studies and the ozone band data gathered early in this investigation.
A radiation chart has been used to predict the zenith angle dependence of radiance due to tropospheric water vapor. In all but one case the radiation chart underestimated sky radiance, and for all cases when cirrus clouds were clearly present, the excess was greater than 1 mW cm-2 sr-' within the 8-13.5-. window. The excess in general increased with zenith angle. On days when only a possibility of cirrus being present was noted, for example, by a large and filmy aureole, faint parhelia, or cirrus near the horizon, the excess zenith radiance was from 0.1 mW cm2 sr-' to 0.5 mW cm-2 sr , even with a highly transparent lower atmosphere with meteorological range greater than 50 km.
Forward scattering from the large cirrus particles can lead to an 8-13.5-. aureole of measurable radiance close to the sun. It is believed this is the first detection of the aureole at this long wavelength. The aureole is not detectable on all days; it is easily detectable when visible cirrus are present, but, owing to scattering effects within the instrument, it is necessary to compare radiance readings made at different zenith angles to prove its presence unambiguously for any one set of measurements.
Polarization of sky radiance in the 8-13.5-. window has also been detected for the first time. It is hypothesized that this positive polarization might be characteristic of scattering from ice particles in the window due to the importance of reflection from the surface of the particles over internally transmitted rays. Thin visible cirrus lead to greater polarization than apparently clear sky near such cirrus, and on days when no clouds are present, somewhat less polarization is found. In addition, less polarization is observed in the sky over the ocean, where the negatively polarized emission from this smooth specular surface leads one to predict this effect.
Sky radiance fluctuations observed to correlate with the passage of visual cirrus through the radiometer's field of view are of the correct time distribution to explain such fluctuations observed by previous investigators. 3 A more complete proof that thin cirrus are causing the observed radiance distributions would be obtained by directly measuring cirrus thickness and extent. Such measurements might be made using a groundbased pulsed laser to probe the clouds. Better data on cirrus particle shapes, sizes, and spatial distributions would also be helpful, since this would allow an exact Mie theory of the scattering properties of such particles to be numerically evaluated. The phase function so obtained for particle distributions in real cirrus clouds would then allow solution of the complete equations of radiative transfer to provide a quantitative model against which to compare radiance measurements such as those reported here.
Basically, the conclusions drawn above are due to one simple fact: cirrus ice particles are quite large compared with cloud water droplets, and therefore the size parameter is still large for 1 2 -,u ir wavelengths and the extinction efficiency remains high, of the order two.
The large size parameter, together with the absorbing properties of ice in the 8-13-p. window causes cirrus to have an easily measured influence on sky radiance and necessarily, therefore, an influence on the heat budget of the earth.
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